Interface modified thermally stable hole transporting layer for efficient organic light emitting diodes INTRODUCTION Efficiency and stability are two major concerns for organic light emitting diodes (OLEDs) to be adopted as reliable light sources. These two requirements are extensively dependent on the application of amorphous films of organic semiconductors with good charge transporting properties to function as electron or hole transport layers inside the devices. However, the organic materials having these desired characteristics should also have high thermal stability and proper energy level matching with the commonly used electrodes.
Hole transport materials (HTLs), N,N 0 -Bis(3-methylphenyl)-(1,1 0 -biphenyl)-4,4 0 -diamine (TPD), N,N 0 -diphenyl-N,N 0 -bis(1-naphthyl)-1,1 0 -biphenyl-4,4 0 -diamine (a-NPD), etc., are generally used due to their fairly large hole mobilities. 1, 2 However, these materials do not exhibit high thermal stability due to their low glass transition temperature (T g ) values, 3 therefore, affecting overall device performance in terms of lifetime. In contrast to simple diamines, HTLs based on spiro concept have high T g values and therefore, higher thermal stability. 4, 5 In this concept, two similar charge transport molecules are joined through a spiro centre thereby increasing the steric demand of the resulting compound. In effect, the resulting compound has high T g value making it more thermally stable.
2, 7-bis [N, N-bis (4-methoxy-phenyl) amino]-9, 9-spirobifluorene (MeO-Spiro-TPD) is known to be a spiro linked compound with a planarized configuration which can function as a transparent HTL. It exhibits high T g (115.7 C) and therefore high thermal stability. 5, 6 However, the charge carrier injection and transport studies in thin films of MeO-Spiro-TPD have not been systematically examined. Furthermore, the work function of commonly used anode ITO ($4.8 eV) is significantly lower than the HOMO of MeO-Spiro-TPD (5.21 eV). Therefore, the large injection barrier formed at ITO/HTL interface limits the direct application of this material in OLEDs. Several attempts have been made to reduce the hole injection barrier either by using interface layers (HIL); 7, 8 self-assembled monolayers or surface treatment of the electrode itself, 9, 10 etc. Out of these techniques, insertion of thin layers of strong acceptor molecules like tetra-fluoro-tetracyano-quinodimethane (F 4 -TCNQ) is a simple and efficient technique to enhance the hole injection from ITO to HTLs. 11, 12 However, ultra thin layer of F 4 -TCNQ as a HIL in combination with highly stable HTL, MeO-Spiro-TPD has not been investigated earlier.
In the present report, the effect of thin films of F 4 -TCNQ (HIL) has been studied to reduce the hole injection barrier at the ITO/MeO-Spiro-TPD interface. The thickness of HIL has been optimized for reducing this barrier and to provide efficient hole injection into the highly stable HTL. The surface morphology and stability of thin films of MeO-Spiro-TPD have been studied using Atomic force microscope (AFM) and X-ray diffraction (XRD) studies. Charge carrier transport in interface modified thin films of MeO-Spiro-TPD has been investigated in detail at various thicknesses and temperatures a) grover.rakhi@gmail.com b) Author to whom correspondence should be addressed. Electronic mail: ritu@mail.nplindia.org.
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V C 2014 AIP Publishing LLC 116, 063102-1 by fabricating hole only devices. Current density-voltage (J-V) characteristics of the hole only devices and top contact transistor characteristics have been used to extract hole mobility. The temperature dependency of charge carrier transport inside MeO-Spiro-TPD thin films has been further investigated using Gaussian disorder model (GDM). MeO-Spiro-TPD was found to be a thermally stable as well as efficient hole transport material which can be used efficiently in organic semiconductor based devices.
EXPERIMENTAL
ITO coated glass substrates having a sheet resistance of 20 X/sq and a thickness of 120 nm were used as the starting substrates. These glass plates were first patterned and cleaned by conventional solution cleaning process using deionized water, acetone, trichloroethylene, and isopropyl alcohol for 20 min each using an ultrasonic bath and were treated for 5 min with oxygen plasma. Thin films of MeO-Spiro-TPD were deposited onto glass substrates under high vacuum ($10 À6 Torr) at a deposition rate of 0.2-0.3 Å /s. Thickness of the deposited layers was measured in situ by a quartz crystal thickness monitor. Hole only devices were prepared in the configuration ITO/MeO-Spiro-TPD/Au with different thicknesses of MeO-Spiro-TPD thin films sandwiched in between high work function electrodes of ITO and Au. Different thicknesses of F 4 -TCNQ were inserted as HILs in between the electrodes and organic film. Fig. 1 shows the basic structure of these devices.
The active area of the devices was 4 mm Â 4 mm. J-V measurements were performed in vacuum from room temperature to low temperature using a Keithley 2610 programmable digital source meter unit interfaced with computer and a cryostat (Advanced Research systems Inc., USA) in vacuum conditions. Organic field effect transistor (OFET) devices in the top contacts configuration were fabricated using the thermal evaporation method. A heavily doped n þþ type Si wafer with an oxide layer of 270 nm thickness (C ¼ 8 Â 10 À9 F/cm) was used as a substrate and was cleaned using solvents. Organic layer and gold electrodes were deposited at room temperature. The geometrical factors of the fabricated OFET devices were the Length (L) ¼ 30 lm and width (W) ¼ 2 mm with the aspect ratio of order of 100. Electrical measurements of fabricated OFET device were performed by Keithley 4200-interface with cascade probe station. Morphological analyses of MeO-Spiro-TPD thin films were performed using AFM technique (NTMDT Solver-Pro operated in tapping mode). Structural characterisation of these films was carried out by analysis of the X-ray diffraction (XRD) pattern using a Bruker AXS D8 advance diffractometer with Cu Ka1 radiation (k ¼ 1.54056 Å ). Table I shows the physical and chemical properties of the materials used in the present study. High work function materials, ITO (4.8 eV) and gold (5.2 eV) were used as hole injecting electrodes. The LUMO and HOMO levels of MeOSpiro-TPD (Lum. Tech. Corp.) are reported to be 2.33 eV and 5.21 eV. Therefore, the injection of holes is predominantly more favourable than that of electrons in the device. The current observed in the devices with the configuration ITO/MeO-Spiro-TPD/Au would therefore be due to holes and the devices can be treated as hole only devices.
RESULTS AND DISCUSSIONS
As shown in Fig. 2 , there exists a small but significant injection barrier for the injection of holes as depicted by the energy offsets between ITO and MeO-Spiro-TPD. 
where A is the Richardson constant, T is the absolute temperature, / b is the barrier height, and k b is the Boltzmann constant. Fig. 4 (a) shows ln (J) vs sqrt (F) curves for 300 nm thick MeO-Spiro-TPD film for different temperatures showing the RS type injection mechanism. The plots in Fig. 4 (a) exhibited linear dependence for all the temperatures further verifying the thermionic type of injection of charge carriers. These curves have been analysed in detail in order to estimate the barrier height of holes for the ITO/MeO-Spiro-TPD interface. The zero field current density (J o ) has been obtained by extrapolating the ln (J) values at different temperatures to zero fields. Fig. 4(b) shows ln (J o /T 2 ) vs. 1/T plot, which gives a straight line with a slope of À(A b /k b ). This graph was used to calculate barrier height for holes at ITO/MeO-Spiro-TPD interface and was found to be 0.324 eV. In order to study the bulk properties, it is necessary to have ohmic injection at the electrode/organic interface to supply unhindered supply of charge carriers.
Therefore, to construct an ohmic contact between the HOMO of MeO-Spiro-TPD and Fermi level of ITO, the thickness of the well known ultrathin buffer layer of F 4 -TCNQ has been optimized to maximize the injection of holes. Fig. 5 shows the J-V characteristics of interface modified hole only devices with the device structure ITO/F 4 -TCNQ/MeOSpiro-TPD/F 4 -TCNQ/Au for different thicknesses of F 4 -TCNQ and fixed 300 nm thickness of MeO-Spiro-TPD thin film.
The current density was found to increase for all voltages, as the thickness of ultrathin F 4 -TCNQ layer increased. However, the enhancement saturated after a thickness 3 nm of F 4 -TCNQ film. This enhancement can be understood as the modification of the metal work function due to interaction with the thin layer of F 4 -TCNQ. The energy level alignment of vacuum sublimed F 4 -TCNQ films on various metal substrates has earlier been explained by an integer charge transfer (ICT) model. 11 According to this model, as shown in Fig. 6 , if the work function of metal is lower than the energy of the negative polaron state of organic material, electrons begin to flow from the metal to the organic at the interface when brought closer to each other. In this way, metal Fermi level is pinned to negative polaron state of the organic material. Along the same context, a thin F 4 -TCNQ film is known to enhance the work function of most of the metals and this enhancement is dependent on the thickness of F 4 -TCNQ layer.
14 According to ICT model when F 4 -TCNQ is deposited on ITO (4.8 eV), the Fermi level of the ITO is pinned to the charge transfer states of F 4 -TCNQ (5.25 eV). Thus, after depositing a thin layer of F 4 -TCNQ, it act as virtual electrode and substrate work function is modified up to $5.25 eV.
Since the HOMO level of MeO-Spiro-TPD is 5.21 eV, the modified work function after the insertion of F 4 -TCNQ as a HIL is supposed to make the contact ohmic for holes with MeO-Spiro-TPD as HTL.
The ohmic contact at the interface between ITO/F 4 -TCNQ and MeO-Spiro-TPD was verified by employing transient space charge-limited current measurements. Hole-only devices were fabricated with the structures ITO/MeO-Spiro-TPD/Au and ITO/F 4 -TCNQ (3 nm)/MeO-Spiro-TPD/F 4 -TCNQ (3 nm)/Au. A positively biased rectangular pulse was applied to this device using the function generator and monitored by the cathode ray oscilloscope (CRO). Charges travel across the sample and the space charge limited current was monitored by CRO. Transient space charge limited conduction (SCLC) graphs of MeO-Spiro-TPD with and without HIL at 20 V bias (6.67 Â 10 5 V/cm internal field) are shown in Fig. 7 . The device with a F 4 -TCNQ buffer layer shows a typical peak and subsequent steady-state current in the graph which is not observed in the device without this buffer layer. This confirmed the ohmic nature of the ITO/F 4 -TCNQ/MeOSpiro-TPD contact. 15 The fastest response time s was determined from transient plot and the carrier mobility was evaluated from the relation
where d is the film thickness and V is the applied voltage. The typical value of the mobility was found to be 2.68 Â 10 À5 cm 2 /V s. In order to confirm the ohmic nature of the ITO/F 4 -TCNQ/MeO-Spiro-TPD contact, J-V characteristics of the interface modified devices were studied. Fig. 8(a) shows the J-V characteristics of hole only devices with the device structure ITO/F 4 -TCNQ/ MeO-Spiro-TPD/F 4 -TCNQ/ Au for different thicknesses of MeO-Spiro-TPD and fixed 3 nm thickness of F 4 -TCNQ as the HIL.
The current density was found to be proportional to the square of the applied voltage and this feature was observed for all sample thicknesses. The interface modified devices exhibit space charge limited conduction, i.e., the current density was found to be square of the applied voltage. This indicates that a thin layer of F 4 -TCNQ makes the contact ohmic which leads to SCLC in MeO-Spiro-TPD thin films. As shown in the inset of Fig. 8(a) , the current density in forward and reverse directions was found to be similar signifying negligible built in potential in the devices. The relation between current density (J) and voltage (V) for SCLC with field independent mobility (l) is given by the Mott Gurney equation 
where e is the dielectric constant taken as 3 for organic semiconductors, 17 e 0 is the permittivity of free space, l is the mobility of holes, and d is the thickness of the film. The observed thickness dependence of the current density is shown in Fig. 8(b) . This indicated that the conduction process involves bulk of the material and the interface effects are negligible. The effective charge carrier mobility from SCLC region was calculated using Eq. (3) and was found to be 8.87 Â 10 -4 cm 2 /V s at a field of 200 kV/cm. For higher voltages, the increase in current density was found to be steeper than as expected by SCLC equation. Such steeper enhancement in current density is generally known to be due to enhanced mobility of charge carriers with the applied higher electric field values as given by Murgatroyed:
where e is the dielectric constant taken as 3, e 0 is the permittivity of free space, l (0, T) is the temperature dependent zero field mobility of holes (further called as l 0 ), c is field lowering constant, d is thickness of the film, and F ¼ V/d is the electric field. Furthermore, the charge carrier conduction mechanism in disordered organic thin films is also thermally activated. The J-V characteristics of the interface modified hole only devices have therefore been studied as a function of temperature also as shown in Fig. 9 . The current density varied significantly with the voltage as well as temperature. These graphs were analysed in detail using Eq. (4). Fig. 10 shows the experimentally obtained temperature dependent J-V curves for the device structure ITO/F 4 -TCNQ (3 nm)/MeO-Spiro-TPD (300 nm)/F 4 -TCNQ (3 nm)/Au along with the numerically fitted J-V curves using l 0 and c as the fitting parameters for each temperature. Reasonably good fitting of the experimental J-V curves was obtained for each temperature and for higher voltages.
The current density characteristics were found to be strongly temperature dependent and exhibited substantial decrease in current density values as the temperature decreased. The values of l 0 (T) and c used for fitting at different temperature have been summarised in Table II. However, pure SCLC mechanism is based on weak dependence of current density on temperature. Therefore, for observed temperature dependence, the SCLC type of conduction can be better described by incorporating field and temperature dependence of the mobility.
In addition, charge carrier transport properties of organic semiconductors are better described by hopping transport mechanism dependent on the energetic and positional disorder present in the disordered films. GDM explained the charge carrier transport in organic semiconductors as a biased random walk among the hopping sites having randomly distributed site energies which leads to the mobility of the form:
where the terms r, R, C, and l 1 are defined as the energetic disorder, positional disorder, specific parameter depending on the intersite distance, and high temperature limit of mobility, respectively. These parameters can be calculated from the plots of ln(l (0, T)) and c vs 1/T 2 as shown in Fig. 11 . Using Eq. (5), the obtained GDM parameters are
. The values of all these parameters were found to be in the typical range for a whole class of disordered molecular solids. 20 OFETs were fabricated in the top contact configuration. The electrical characteristics of the OFETs are given in Fig. 12 .
The drain current I ds increases as the negative gate voltage V g values are increased. The sign of the field enhanced current (I ds < 0 with V g < 0) is consistent with the p type behaviour of MeO-Spiro-TPD in the accumulation regime of operation of the device. The threshold voltage was found to be À13.5 V. The following conventional relation for mobility applied in inorganic FETs has been used in the present case: 
where I ds is the drain-source current in the saturation region, l is the field-effect mobility, L and W are the channel length and width, respectively, V g and V th are the gate voltage and threshold voltage, respectively, and C i is the capacitance of the insulating layer per unit area. The field-effect mobility in the saturation region, using this equation, has been estimated to be 1.93 Â 10 -3 cm 2 /V s. An on/off ratio of 1.98 Â 10 1 for V ds ¼ À5 V could be obtained.
Apart from having high conductivity, these film also exhibit high morphological stability. The surface morphology of MeO-Spiro-TPD thin films was examined using AFM image analysis. The effect of elevated temperatures was studied to confirm the thermal stability of MeO-Spiro-TPD thin films. Figs. 13(a)-13(d) show the AFM images of 50 nm thick films of MeO-Spiro-TPD on glass substrates annealed at 0 C, 50 C, 70 C, and 90 C temperatures, respectively. These films exhibited average roughness of 1.26 nm, 1.42 nm, 2.18 nm, and 2.65 nm for the as deposited film (Fig.  13(a) ), after annealing at 50 C ( Fig. 13(b) ), 70 C ( Fig.  13(c) ) and 90 C ( Fig. 13(d) ) temperatures, respectively. Thin films of the material were found to be quite, dense, amorphous, and stable. The slight increase in average roughness values can be attributed to evolution of some nanosized crystallites in the film as the temperature was increased from 70 C to 90 C. This type of nano-structural evolution in the films was further verified by X-ray diffraction studies. Fig. 14 shows the XRD patterns of 50 nm thick films of MeO-Spiro-TPD on glass substrates annealed at 0 C, 50 C, 70 C, and 90 C temperatures, respectively. A freshly deposited 50 nm thick film of MeO-Spiro-TPD on glass substrate exhibited amorphous behaviour with no prominent peaks in the XRD pattern. Even as the film was annealed at 50 C, 70 C, and 90 C temperatures, no appreciable differences were found in the patterns depicting thermal stability of the films. Therefore, thin films of MeO-Spiro-TPD can be used as an efficient and stable material in organic semiconductor based devices.
CONCLUSIONS
Charge carrier injection and transport in thin films of thermally stable HTL, MeO-Spiro-TPD, have been investigated in detail. The thickness of F4 TCNQ as a HIL at the ITO/HTL interface was optimized to be 3 nm for maximum value of the current density making the contact ohmic. The J-V characteristic with interface modification exhibit SCLC from which mobility of holes in MeO-Spiro-TPD thin films has been calculated which is very near to the field effect mobility. The mobility value obtained from DI SCLC experiments is lesser than the value obtained by steady state SCLC measurements. This difference in mobility values may be ascribed to the large energetic disorder parameter of the material, i.e., 88 meV as calculated using the Gaussian disorder model. The temperature dependent J-V characteristics of interface modified hole only devices have also been analysed in the framework of SCLC including a field and temperature dependent mobility. Thin films of MeO-Spiro-TPD were also found to be thermally stable using AFM and XRD studies. ITO/F4-TCNQ (3 nm)/MeO-Spiro-TPD was found to be a competent ITO/HIL/HTL system for efficient injection and transport of holes inside the device. 
